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ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:

Five major areas of research at North Dakota State University have been
supported by the Air Force Office of Scientific Research: 1) Strained

Organosilicon Systems, 2) Reactive Intermediates Containing Silicon, 3)

Silicon Selenides, 4) Organosilicon Sonochemistry, and 5) New Catalytic

Processes Involving Silicon. Objectives and accomplishments in each of

these areas is summarized below:
1) Strained Organosilicon Systems: We have successfully prepared very

stable three-membered rings containing silicon and two carbon atoms. By

attaching large groups to the silicon atom we have been able to produce

these ring systems with minimal substitiution on the ring carbon atoms.

This allowed definitive structural characterization, by nuclear magnetic

resonance spectroscopy, of the simplest members of this family. The

simplicity of these systems has also permitted successful investigation of

insertion and fragmentation reactions that lead to precursors to metal

silicides, silicon selenides and silicon carbides. Very recently we developed

a method of using the silirane as a very simple and efficient precursor to a
robust protecting group.

2) Reactive Intermediates Containing Silicon: During the tenure of this

grant period we have greatly improved access to one of the most important

of silicon containing reactive intermediates, di-t-butylsilylene (t-Bu2Si:)

and took big steps towards the understanding of the mechanisms of
reactions used to generate the species as well as those mechanisms of

reactions in which it participates. It is now possible to produce this
intermediates thermally at moderate temperatures and photochemically at

room temperature. This intermediate will play an important role in building

highly reactive silicon-metal fragments.

3) Silicon Selenides: Under this grant we have produced the first examples

of compounds containing the silicon-selenium double bond. These reactive
molecules dimerize and trimerize to give novel cyclic compounds that

pyrolyze to form silicon selenide. The woik was extended to tin and we

developed an excellent synthesis of ultrapure tin selenide crystals. We

examined the thermal and photochemical reactions of these cyclic silicon



selenides and found them to be useful precursors to a variety of

heterocycles.
4) Organosilicon Sonochemistry: We continue to explore the uses of

ultrasound in facilitating the reactions of organometallic compounds, in
particular those involving organosilanes. The reductive coupling of carbony
compounds in the presence of zinc was greatly accelerated by ultrasound
leading to very good yields of symmetrical and unsymmetrical olefins as

well as "pinacol" products.
5) New Catalytic Processes Involving Silicon: Our work in ultrasound was
instrumental in developing two new catalytic processes. We prepared an

extremely active form of nickel using ultrasound that is an efficient

catalyst for the hydrosilation reaction. During the course of this grant
period we examined the surface of the nickel using Scanning Electron
Microscopy and Rama Spectroscopy and identified the presence of carbonyl

species. We also determined that these species are essential to the

catalysis reaction. This is the first example of nickel catalyzed
hydrosilation and our process is being evaluated as a possible replacement

for the currently used chloroplatinic acid. We have also developed a new
catalyst for exclusive 1p hydrosilation of arylonitrile. There are very few

catalysts that perform this task well. Ours is about four times as effective
as known systems. It is also being evaluated for commercial use.

Program Manager: Dr. Fred Hedberg
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Abstract

This report summarizes progress of research in five major areas supported by the Air Force Office of
Scientific Research: 1) Strained Organosilicon Systems, 2) Reactive Intermediates Containing Sili-
con, 3) Silicon Selenides, 4) Organosilicon Sonochemistry, and 5) New Catalytic Processes
Involving Silicon.
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This Annu&! Technical Report covers the period from November 1, 1987 through October 31, 1990.
Our objectives were to advance our knowledge and understanding in five areas of organosilicon
chemistry: 1) Strained Organosilicon Systems, 2) Reactive Intermediates Containing Silicon, 3)
Silicon Selenides, 4) Organosilicon Sonochemistry, and 5) New Catalytic Processes Involving
Silicon.

Strained Organosilicon Systems
Sillranes

Our efforts on the strained ring area have been focused on three-membered rings. In particular
we have been concentrating on siliranes and silirenes such as I and 2. The distinguishing feature

1 2
we are exploiting is the use of large groups on silicon to control the reactivity of the ring system. We
have prepared a number of these with small groups on the carbon atoms. Access to these siliranes is
possible because of a convenient synthetic pathway devised in this laboratory under AFOSR support:

t-Bu 2SX 2 + U -) [t-Bu 2Si:] + trans-2-butene Si -' (1)

We have recently prepared the first silirane ring system with only hydrogens on the ring carbons.
The importance of this development is that it allows, for thefirst time, accurate and precise measure-
ment of the carbon-hydrogen coupling constants in the ring permitting a complete solution structure
determination of the silirane ring. Since molecules of this size will not crystallize to permit determin-
ation of structure by x-ray crystallography, this result represents a significant advance. In summary
we have determined that the H-C-H bond angles are 1200, and that the C2H4 fragment is planar as in
structure A:

A B
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This raises a fundamental bonding question: Does this geometry support a pi-complex type of bond
as depicted in B? Extensive calculations by Mark Gordon and his group indicate that most of the

lectron density in the ring is on the outside in "banana bond" s'le as shown in C and that very little
electron density is inside the ring as illustrated in D:

Si S f

C D

Our synthetic approach, which employs commercially available reagents, is broadly appplicable in
that it is useful for a variety of alkenes. Thus we have been able to prepare fused ring siliranes using

cycloalkenes in place of 2-b'.tene in eq 1:

t-BU2Si(: t-BU2S0 t-BU 2 Seo t-BUA Si
These fused ring systems have distinctly different reaction pathways under pyrolytic conditions and

yield different products when exposed to insertion reagents such as sulfur and selenium. One

surprising result is that the fused cyclopentane is considerably more stable towards thermolysis and
insertion than the fused cyclohexane. Ring strain was expected to dominate the chemistry and does
not. Why? We are examining that question. We are now preparing silylene adducts of cyclobutenes

and cyclopropenes in an effort to fully explore, for the first time, the effect of strain on the fragment-

ation and insertion reactions of siliranes.

Siliranes-Precursors to Protecting Groups

The strain in the thrde-membered ring can be put to good use in the presence of nucleophiles.
We have developed a method for the high yield ring cleavage of siliranes in the presence of alcohols.

Ordinarily, alcohols open the silirane rings with small substituents under very mild conditions but

our siliranes with di-t-butyl groups on the silicon severely inhibit the reaction. On the other hand,
large groups on silicon can provide exceptional stability towards hydrolysis, oxidation, reduction
and substitution. We discovered that catalytic quantities of flouride ion greatly accelerated the

3



reaction and provided the protected alcohol in very high yields under mild (room temperature, <2 h)

conditions (eq 2):

S 0+ RON + F Sio >85% (2)
/I H

reaction very slow in the Highly hindered alcohol.
absence of flouride ion R - n-Bu, cyclohexyl

The di-t-butylcyclohexylsilyl protecting group is very bulky and extremely difficult to attach to any

atom by any of the conventional substitution mechanisms. The silirane precursor provides access to

the silicon atom that would not be available if it were in the usual tetrahedral geometry. How the
silirane is activated by the fluoride ion is an important mechanistic question. We are pursuing this

avenue of investigation. More recently we discovered that the reaction is greatly accelerated if we add

small amounts of crown ether to complex the potassium ion. We now observe reaction rates of less
than 1 hr at room temperature if only 10% of crown ether is added to the reaction mixture.

SlIthletanes

The combination of ring strain and steric hindrance at the silicon has led to unexpected reactivity

patterns. The "protecting group" reaction in eq 2 is one example. Still another is the reaction of
siliranes like 1 with sulfur. To our surprise, siliranes will permit the insertion of only one sulfur

atom to produce the first stable examples of the new ring systems, 1,2-silthietanes.1 The disulfur

product is also obtained (eq 3):

__ 4
+S6 + 7 (3)

3 4
There is a loss of stereochemistry in this reaction. We obtain the same products from both the cis

and trans silirane leading us to postulate the following mechanism (Scheme 1):

Scheme 1

1P. Boudjouk, U. Samaraweera, submitted for publication
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" S -S 3+4

71 -Sn

The conversion to the trans isomer of the products is favored because of reduced steric interactions
compared to the cis isomer. The radical intermediates permit bond rotation to the more stable config-
uration before ring closure to 3 and 4. If the reaction were concerted, the geumetry of the starting
silirane would be preserved.

Sillrenes
Fragmentation of siliranes under mild conditions is an important part of our work on this ring

system. The goal is to develop a very mild method of delivering the di-t-butylsilylene intermediate to
reagents that won't stand up to vigor.,us reaction conditions. We have had some success in this
area. We have been able to generate di-t-butylsilylene from I in the presence of bis(trimethylsilyl)-
acetylene producing the very stable silirene 5 in good yield (eq 4):

Si: + Me3SiCACSiMe 3  ------ a - (4)
/If Me3Si/ SiM0 3

5
We are just beginning our investigation of the insertion and fragmentation reactions of this

compound. The presence of the double bond opens the possibility for complexation to transition

metals prior to insertion. Our plan is to try and use 5 as a pecursor to the first stable silamala-

cyclobutenes. The stability 5 and the absence of phenyl groups should allow us to more easily probe

the electronic properties of this ring system.

Reactive Intermediates Containing the DI-t-butvlsilyl Group
DI-t-butylsllylene

Silylenes are at the forefront of research in organosilicon chemistry. Developing mild methods
of producing these intermediates is one of the biggest challenges to workers in this field. We have
focused on this problem and have developed very mild routes to one of the most interesting and use-
ful silylenes: di-t-butylsilylene. We have reported two convenient routes to this reacive intermediate,
both of which offer some promise of being applicable to other silylenes. in particular, those with
large groups on the silicon. 2 The first of these two routes employs commercially available reagents

di-t-butyldichlorsilane and lithium (eq 5):

2p. Boudjouk, U. Samaraweera, R. Soodyakumaran, J. Chrusciel and K. Anderson, Angew. Chem., Int. Ed.
Engl. 1988, 27, 5555.
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t-BU2SiX2 + U [t-Bu 2Si: ] + cis -2-butene Si

/L \

One of the key features of this reaction is that the stereochemistry of the cis -2-butene is preserved
upon reaction with the silylene. This argues strongly for a singlet ground state for the silylene since
triplet carbene species art known to lead to a mixture of cis and trans cyclopropanes. The sila-
cyclopropane I is a also very useful precursor for di-t-butylsilylene. The ability to generate this inter-
mediate from two very different sources: the first, eq 5, from any di-t-butyldihalosilane and a Group
1 metal in a polar solvent like tetrahydrofuran and the secoad, via pyrolysis of 1 in a wide choice of
solvents has permitted us to gain some mechanistic insights into the overall process of metal- halogen
exchange at silicon. nters. In summary, we now have very persuasive evidence that a "silylenoid"

spe,ies like 6 is important in eq 5.

4 ,x
siSi:

Li + Li 25+
6

Our work is moving in the direction of examining this exchange and elemination sequence for
smai er groups on silicon with the goal of shedding light on the critically important mechanisms
involved in the synthesis of polysilanes. Polysilanes are essential polymers in the design of many
new materials but suffer from a dearth of synthetic approaches. The reaction of Group I metals with
dihalo and trihalosilane is the only viable route to these polymers yet very little is understood about

the mechanism of reaction.

DI-t-butylslithione

Silthiones are species that possess a double bond between silicon and sulfur. Only a few
examples of these reactive intermediates are known. 3 We found that pyrolysis of the 1,2 silthietanes
discussed above leads to products derived from this species (Scheme 2).

3 a) Sommer, L. H. ; McLick,

6
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Scheme 2

(Si-S 2000 4S%
________k S

(MeASO) 3

___ _I I +7+ 8 + ds and trans-jteneS Me2Si\ /
O -SiMe 2  (cs.lrans 1:3)

Very likely the first step in the reaction is the cleavage of 3 to form the highly reactive di-t-butyl-

silthione (eq 6):

* i 2000 [ J (6)

This is the first example of a silthione with bulky groups on the silicon and it raises the pos-
sibility of studying the intermediate under a broader variety of conditions than for the smaller more
reactive species. Very little is known about silthiones in general and one of our goals is to explore its

chemistry.

Silicon Chalcogenides

Disllthlanes
Hexamethyldisilthiane (9) has been widely used in organic synthesis as a sulfur transfur agent.4

While there are several routes to 9, even the best known procedures have inconvenient aspects such
as requiring a toxic starting material like hydrogen sulfide 5, or a very expensive one such as lithium
triethylborohydride 6 . By adapting a procedure we developed for producing activated metals, 7 i.e.,

4 Berwe, H.; Haas, A., Chem. Ber. 1987, 120, 1175.

5 Harm, D.N.; Steliou, K. Synthesis 1976, 721.
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soaicating metal halides in the presence of an alkali metal to give highly dispersed metal powders, we
prepared alkali metal sulfides in high yield and in an activated form.

This permitted efficient reaction with trimethylchlorosilane to give excellent yields of the disilthiane 9
(R =Me) and its lighter analog 8(R =H) (eq 7).

S + 2 Na -- ,.- highly reactive Na2S -R e2SH l RMe2Si-S-iM62R (7

90 -95%
The synthesis is easily scaled up and will permit a more thorough invesigation of the utility of this
reagent in inorganic as well as organic systems.

Cyclic Sliselenanes, Precursors to Silaneselones
Pyrolysis of cyclic compounds of the type (R2E-X)n, n = 2, 3, 4 is a well-known route to react-

ive intermediates of the type R2E=X, (eq 8).8 This approach has been used to generate reactive
intermediates for E = C and X = S, Se such as thiocarbonyl flouride,9 thioacetaldehyde and thio-

acetone, 10 thioformaldehyde, I and selenoacetaidehyde 12 as well as for some of the heavier analogs

like diinetbylsilathione (R = Me, E = Si, X = 0)13.14 and diethylgermathione (R = Et, E = Ge, X-
5)15.

(R2EX- XA [R2E- XJ (8)

R -Alkyl, H,Halogen; E -C, SI,Ge; X-O0, S,Se

6 Detty, M. R.; Seidler, J. Org. Chem. 1982, 47, 1354.

7' Boudjouk, P.; Thompson, D. P.; Ohrbom, W. H.; Han, 6.-H. Organometafics, 1986, 5, 1257.

8 For reviews on heavy atom analogues of ketones see:
a) Guziec, J.C. in Organoselenium Chenvstry, Liotta, D., Ed.; John Wiley and
Sons: New York, 1987, 237.
b) Raabe, C.; Michl, J. Chem. Rev. 1985, 85, 419.
c) Satge, J. PUre Appi. Chem 1984, 56,137.

9 Kroto, H.W.; Suffok, R.J. Chemt Phys. Leo. 1972, 17, 213.

10 Kroto, H.W.; Landsberg, B.M.; Suffolk, R.J.; Vodden, A. Chem. Phys. Leff. 1972, 29, 265.

11 Block, H.; Hirabayashi, T.; Mohmand, S.; Solouki, B. J. Amer. Chem. Soc., 1982, 104, 3119.

12 Hutchinson, M.; Kroto, H.W. J. Mol. Spect., 1978, 70, 347-356.

13Weber, W.P.; Soysa, H.S.D. J. Organomet Chemt., 1979, 165, C1.
14Moedritzer, K. J. Organomet. Chem. 1970, 21, 315.

151-avayssiere, H.; Dousse, G.; Barrau, J.; Satge, J.; Bouchart, M. J. Organomet. Chem. 1978, 161, C59.
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The first cyclosilselenanes were prepared by Schmidt and Ruf in 196316 but no attempts to

generate silaneselones from these compounds, with the exception of our own, have been reported.

Recently we described a convenient procedure for the synthesis of alkali metal selenides and diselen-

ides in THF from an alkali metal and selenium in the presence of a catalytic amount of naphthalene. 17

Using sodium selenide produced by this technique we prepared tetraethylcyclodisilselenane and

hexaethylcyclotrisilselenane and found that photolysis (254 nm) of the latter generated diethylsila-

neselone, a reactive intermediate containing the silicon-selenium double bond. 1 We have prepared

several new cyclosilselenanes and investigated some of their photochemical and thermal reactions.

When R2SiCI2 (R = Et, Me) is added to sodium selenide, generated in situ from selenium and

sodium in the presence of a catalytic amount of naphthalene, cyclodi- and cyclotrisilselananes are

produced (Scheme 3). Tetramethylcyclodisilselenane is a solid in pentane at -780 and a light yellow

oil at room temperature. Although it only slowly decomposes in solution, isolated samples will de-

compose in minutes even under a nitrogen atmosphere. Hexamethylcyclotrisilselenane, tetraethyl-

cyclodisilselenane and hexaethylcyclotrisilselenane were isolated as yellow oils in >90% purity by

molecular distillation. These compounds are unstable in air but withstand room temperature under

nitrogen for several hours and can be stored in a hydrocarbon solvent at 00 for months. The only

isolated product of the reaction of sodium selenide with diphenyldichlorosilane is hexaphenylcyclo-

trisilselenane. This compound is a colorless, crystalline solid which is stable for several hours in the

presence of dry air. The reaction of bis(trimethylsilyl)dichlorosilane with sodium

Scheme 3 Synthesis of Cyclosilselenanes R2

Na2Se + R2 iCk THF, RT R2Si-Se S' S SeIaS I + I I
Se- SiR 2  R2Si ,SiR 2

R- Me, (6%) R- Me, (35%)
R - Et, (40%) R - Et (30%)
R - Me3Si, (35%) R - Ph, (40%)

selenide produces tetrakis(trimethylsilyl)cyclodisilselenane, isolated as light green needles which are

stable in dry air for several days.

Ring Contractions of Cyclotrisllselenanes

(Me2SiSe)3 and (Et2SiSe)3 undergo ring contraction photochemically and thermally to form

(Me2SiSe)2 and (Et2SiSe)2 respectively (Table 1). The UV spectra of (Me2SiSe)3 and (Et2SiSe) 3

16Schmidt, V.M.; Ruf, H.F.; Z. Anorg. Ag. Chem. 1963, 53, 2109.

17Thompson, D.P.; Boudjouk, P. J. Org. Chem. 1988, 53, 2109.

9



Table I Ring Conutlrons of (Me2SISo)3 and (Et2SiSG)3

(R2SISe)3 - (R2SISe) 2

Entry R Conditions Time % Yielda of %Conversion

(R2SiSe)2
1 Me 254 nm/hexane 23 h 68 96

2 Me 150 0/decane 48 h -3 -3
3 Me 2250/decane 70 h 39 46
4 Me 225 0 /decane 94 h 35 48

5 Et 254 nm/hexane 18 h 90 100
6 Et 225 0 /decane 40 h 80 100

7 Et 155 0 /decane 40 h 15 16
a Yields determined by gic

show absorbances at 254 nm, while the absorbances of (Me2SiSe) 2 and (Et2SiSe) 2 cut off at 220
pim. Photolysis (Rayonet, 254 rin lamps, hexane) of (Et 2SiSe)3 produces (Et 2SiSe) 2 in 90% yield
and is the only product observed by GC (Table I, entry 5). In a separate experiment, it was shown
that (Et2SiSe) 2 is essentially inert to photolysis (254 nm, 48 h, 93% recovery , no evidence of
(Et 2SiSe)3). Photolysis of (Me2SiSe)3 produces (Me2SiSe) 2 in 68% yield (Table I, entry 1).
Decomposition was observed in the form of discharged elemental selenium in all reactions,
photochemical and thermaL

Replacing methyl groups with ethyl groups significantly alters the chemistry of the ring systems.
For example, (Me2SiSe)2 has a ti/2 of 60 hours at 690 (refluxing hexane) producing a 22% yield of
(Me2SiSe)3, whereas (Et2SiSe)2 is stable indefinitely at that temperature and even after 32 h at 2500,
80% can be recovered (no (Et2SiSe)3 was detected). For the six-membered rings, the stabilities are
reversed: (Me2SiSe)3 is stable to 1100, is only 3% converted to (Me2SiSe)2 at 1500, and is less than
50% converted at 2250 even after 94 hours (Table I, entries 1, 6 and 7). The ethyl analogue
(Et 2SiSe)3, on the other hand, shows much higher conversion rates to (Et2SiSe)2 thermally and
photochernically (Table I, entries 2-4). Photolysis of (Me2SiSe)3 at 254 nm in hexane produces a
mixture of (Me2SiSe)2 and (Me2SiSe)3 in an 11 to 1 ratio. This mixture was then transferred to a
sealed tube and heated to 2250. After 36 h the ratio changes to about 5.3 to 1 but significant
quantities of elemental selenium were also produced.

Thus only for the methyl case does there appear to be an equilibrium between the 4 and 6 mem-
bered rings and then only under thermal conditions. Accurate determination of an equilibrium cons-
tant is prevented by the accompanying side reactions. An equilibrium under our photochemical
conditions is not possible because (Me2SiSe)2 and (Et2SiSe) 2 do not absorb at 254 rnm.

10



Ring Contraction In the Presence of D3. Evidence for Silanessiones.
Photolysis or thermolysis of (Me2SiSe)3 (or (Et2 SiSe)3) in the presence of excess D3 gives

(Me2SiSe)2 and 2,2,4,4,6,6,8,8-octamethyl-1,5,7,3,2,4,6,8-trioxa-tetrasilselenocane (12) (or

(Et2SiSe)2 and 4,4,6,6,8,8-hexamethyl-2,2-diethyl-1,5,7,3,2,4,6,8-trioxatetrasilaselenocane (13),

in good yields (Table 1I). By analogy to known two atom insertions reactions observed for other

R2Si=X species (X = CR2, NR, 0, S) 7.18 we postulate the intermediacy of silaneselones 10 and 11

(eq 9):

R2S -SO
0 °  XSiMe 2

(R2Si-Se)3  hv or (R2Si-Se)2 + [R2Si=SeJ I I(9M 2SI (9)

& O-SiMe 2

10, R=Me 12, R=Me
11, R=Et 13, R-Et

The structures of 12 and 13 can be assigned unambiguously on the basis of 13C nmr data. For ex-

ample, the carbon spectrum of 12 exhibits two singlets at 6.79 and 1.14 ppm respectively. The

alternative structure, 14, would have three absorptions.

Se-SiMe2

0 SiMe2
I I

MeSi 0

O-SiMe2

14

The data in Table 1[ illustrate important differences in the chemistries of (Me2SiSe)3 and

(Et2SiSe)3. While (Me2SiSe)3 is more stable with respect to ring contraction than (Et2SiSe)3 (Table

I), (Me2SiSe)3 is a far better source of a silaneselone than is (Et2SiSe)3.

18 a) Gohno, C. M.; Bush, R. D.; On, P.; Somnr, L. H. J. Am. Chem. Soc. 1975, 97.1957.
b) Golino, C. M.; Bush, R. D.; Sommer, L. H. J. Am. Chem. Soc. 1975, 97,7371.
c) Okinoshima, H.; Weber, W. P. J. Organomet. Chem.1978, 149, 279.

d) Parker, D. R.; Sommer, L. H. J. Am Chem. Soc. 1976, 98, 618.
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Table II Ring Contractions in the Presence of D3

0 R2S- S e SMe2

(R2 SS) 3 + II(R 2SiS) 2 + I I
S-SiMe

2

A D3  B C

Expla R D3/A Conditions C/B % recovd Se as B and C

I Me 20/1 254 nmthexane 2.40/1 80

2b Me 100/1 254 nm >100/1 60
3 Me 20/1 225 0/decane 3.00/1 65
0 Me 100/1 2250 >100/1 70

5 Et 8/1 254 nm/hexane 0.33/1 81
6 Et 20/1 254 nm/hexane 0.55/1 85
7b  Et 100/1 254 nm 3.00/1 85

8 Et 30/1 2250/decane 0.65/1 84
9b Et 100/1 2250 2.70/1 72

aAll reactions showed complete consumption of starting material

b Experiments run without solvent.

The experiments with D3 affect overall silaneselone production. For example, when the ratio of D3
to (Me2SiSe) 3 is 100:1, <1% of (Me2SiSe)2 is detected (Expts 2 and 4). On the other hand, when a
D3:(Et2SiSe)3 ratio of 100:1 is used, the product mixture contains >70% (Et2 SiSe)2 (Expts 7 and 9).

While the product distribution may be affected by relative trapping efficiencies, i.e., the smaller

dimethylsilaneselone (10) probably reacts faster with D3 than diethylsilaneselone (11), the react-
ivities of the cyclodisilselenanes play a key role because they are sources of silaneselones. When

(Me2SiSe)2 and a 12 fold excess of D3 is refluxed in hexane for 60h, no selenocane is observed, but

(Me2SiSe)3 is obtained in 22% yield. This suggests that (Me2SiSe)2 is a better trap for the silanesel-

one than D3 but (Me2SiSe)2 is approximately ten times more reactive (Table IMI). In these reactions,

cyclodisilselenanes are not traps of chemical consequence, since any six membered ring which is

formed should fragment to give silaneselone.

12



Table Ill. Thermolsis of (R2SiSe)2 with D3

R2Si-S8

(R2SiS) 2 + D3 C iM

0 -SiMe 2

B
R D3Conditions % iel C % Conversion of 8
Me 12/1 2250/docane/48h 70 90
Et 12/1 2500 5 9

We propose the following pathways for the thermal (> 2000) reactions of hexaalkylcyclotrisil-
selenanes in the presence of D3 (Scheme 4). The reaction begins with the extrusion of dialkylsilane-
selone by the cyclotrisilselenane. The silaneselone once formed may dimerize, insert into D3 giving
the selenocane or insert into newly formed cyclodisilselenane reforming starting material. We see no
evidence of insertion of silaneselone into cyclotrisilselenane to produce cyclotetrasilselenane (in simi-
lar experiments with cyclotrisilthianes no cyclotetrasilthianes were observed7 ,S). Cyclodisilselenane
formed in the reaction is also capable of extruding silaneselone (e.g., (Me2SiSe)2 is a more efficient
source of silaneselone than (Me2SiSe)3).

Scheme 4
(R2SiSe)3  (R2SiSe)2  + [R2SimSOI

I I*D3

2 [R2Si-SeJ D3. C0 SiMe2I I
M02S \ 01

0-SiMe2
When (Et2SiSC) 3 is photolyzed or thermolyzed in the presence of triethylsilane no Si-H insertion

is observed. The only observable product is (Et2SiSe)2 in 90% yield. This indicates that the silane-
selone: does not readily insert into Si-H bonds under these conditions, and is further evidence that
silylene formation is not an important pathway in the decomposition of alkylated cyclotrisilselenanes.

No cycloaddition reactions between silaneselones and dienes or alkenes were observed. When
(Et2SiSe) 3 is photolyzed in a 12-fold excess of cyclohexene, or heated (2250) in a 12-fold excess of
anthracene, the only product observed is (Et2SiSe) 2 in approx. 90% yield.

13



We also investigated the possibility that silaneselones might be intermediates in the synthesis of
cyclosilselenanes by treating Et2SiCl2 with sodium selenide in the presence of D3. No selenocanes

were detected. This suggests that ring formation occurs primarily through bimolecular reactions

involving ionic intermediates (Scheme 5).

Scheme 5

Na2Se + E 2= + R a

44aa VP4aRSC

[R2Si-Sej (R2SiSe)2 (R2SiSe)3

Trlcyclicsilselenanes

Several compounds containing Group IV and Group VI elements with the adamantane type
cage structure are known. There are, however, only two references describing the synthesis of a Si-
Se cage system.19 .20 We have found that when RSiC13 (R = Me, Et, Ph) is added to sodium
selenide, made in situ from sodium, selenium, and a catalytic amount of naphthalene, the
corresponding tricyclo[3.3.1.1 3,7]tetrasilselenane is produced (Scheme 6).

Scheme 6
R

P-q b + N4% N su Si .

THF, RT, 2 d R i tg-*

R

R - Me, 37, R - Et, 40%; R - Ph, 12%

All three compounds are white, crystalline solids which decompose over the course of hours if left in

air. Decomposition produces a red solid, presumably including amorphous elemental selenium.
There are two possible structures for a (RSi)4Se6 cage system given below as A and B. IH, 13C,

and 29Si NMR data will be nearly identical for the two structures except for slight differences in

19 Forstner, J. A.; Mutterties, E. L. Inorg. Chem. 1966, 5(4), 552.

20 Haas, A.; Hitze, R.; Kruger, C.; Angermund, K. Z. Naturforsch., B: Anorg. Chemr, Org. Chem. 1984,
39B(7), 890.
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chemical shifts. However, 77Se NMR will discriminate between structures. For A, the 77Se NMR
spectra should exhibit one absorption. In B, the 77 Se NMR spectra should show two peaks, one
signal for the Se atoms in the four-membered rings and another for the Se atoms bridging the two
four-membered rings. We observed only one peak in the 77 Se spectrum confirming A as the

structure.

R
Se j S~ sef/ ..Si Se..i R

I ss

R-Si- -o.,.i so So S
/ / r\ 100, i/

Se I S e  RSi Si%R
R R %%-.S

A B

Organosillcon Sonochemistrv
Silicon Promoted Coupling of Carbonyls

The reductive coupling of carbonyls is of great interest because they offer a more convenient
route to pinacols. Recently we reported that ultrasonic waves improved the reductive silylation of
some dicarbonyls in the presence of trimethylchlorosilane and zinc to give bis(trimethylsiloxy)-
alkenes.2 1 We have since found that aromatic substituted carbonyls can be easily dimerised to give
alkenes and/or pinacolones in the presence of trimethylchlorosilane and zinc (eq 10). Ultrasound

/N-CHO Zn, M3SCI ,/C=0 + 0
THF H- H', (10)

H
irradiation of the reactions increases the yield 5-100% compared to stirring at the same temperature.
For arylsubstituted ketones and aldehydes, the dominant reaction pathway is reductive coupling of
the acyl carbons to give A, B and/or C. Each of these products can be obtained in synthetically
useful yields by manipulating the stoichiometry of the reactants.

There is a report that ring opening of THF by trimethylchlorosilane in the presence of metal
oxides. 22 In our study, when the reaction time is longer than 4h at 350 C in the presence of zinc and

21 So, J.-H.; Park, M.-K.; Boudjouk, P. J. Org. Chem. 1988, 53,5871.
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trimethylch, ThF reacts with trimethylchlorosilane to produce ring cleavage products, one
of them is 4-chlorobutoxytrimethylsilane which was detected to GCOMS. 1,4-dioxane or diethylether
do not react with even longer reaction time.

New Catalytic Processes Involving Silicon

Hydrosilation

Simple Alkenes and Alkynes
The hydrosiladon of alkenes and alkynes (eq 11) is the most important industrial method for pre-

paring all but the simplest silicon monomers. Typically, the most effective catalysts for this

catalyst
R2C-,CH2 + H-SiCh - cl 2CH-CH 2 SiCgb (11)

r'eaction are soluble complexes of platinum and rhodium. These catalysts produce very high yields
of the desired products under mild conditions but suffer from the costly drawback of being
unrecoverable. The loss of these precious metals results in a significant increase (- $ 0.12/Ib) in the
cost of organosilanes. Heterogeneous catalysts are invariably cheaper because of the nearly infinite
turnover rate they achieve because they are recoverable. Unfortunately, for silicon, there have been
no highly efficient catalysts for the hydrosilation reaction. We have addressed this problem and have

succeeded in developing a very effective and inexpensive catalyst for the reaction. We found that
highly activated nickel will catalyze the reaction to produce high yields of adduct under very mild
conditions.23 We generate this activated nickel by the simple procedure of reducing a nickel halide to
a nickel dispersion with an alkali metal (eq 12):

NIX 2 +2M 1  NI'+2MX (12)

This procedure can take as little as ten minutes at room temperature. Isolation of the powder is not
necessary because the olefin and the hydrosilane can then be added directly and reaction in eq 11 will
proceed. Yields are typically >90% and the catalyst is totally recoverable showing no loss in activity
for ten cycles. Scanning electron microscopy of the sonicated nickel shows significant pitting of the
surface. The particles are very small (10 - 25 microns in diameter) and very rough in texture. The
method is mild and broad in scope. We have found the catalyst is also effective for some
functionalized olefins such as acrylonitrile and methylacrylate although mixtures of isomers are often
obtained.24 These reactions are under study.

22 So, J.-H.; Park, M.-K.; Boudjouk, P. submitted, So. J.-H. Ph. D. Thesis, 1989, North Dakota State
University, Fargo, North Dakota 58105
23 Boudjouk, P. U.S. Patent No. 4,827,009, 1989.
24 Jacobsen, J. M.S. Thesis, 1969, North Dakota State University, Fargo, North Dakota 58105.

16



Activated Olefins

The hydrosilation of activated olefins is of continuing interest from two perspectives: 1) many of

the silylated derivatives are commercially important products, and, 2) the activating groups cause

unusual regioselectivity leading to interesting mechanistic questions. We have undertaken a program

to investigate the hydrosilation of selected functionalized olefins in an effort to improve on the

literature methods of preparation of the silicon derivatives and to gain insights into the mechanism of

these hydrosilation reactions.
We have developed a new, effective and inexpensive catalyst for the selective 0-hydrosilation of

acrylonitrile (eq 13).25 The reaction is significant because it produces the 0 isomer totally uncontamn-

inated by the a isomer. The a isomer is unstable and of no synthetic or commercial value.

CH2-CH-CN + H-SiR3  -w- R3-C-H (13)
CU2O, TMEDA R5-H-l1-N(3

R3 - C!, CI2Me, Ct2Ph, CIPh2
The 0 isomer on the hand is a key intermediate in a number of commercially important processes

such as the synthesis of silylallylamines. Our catalyst system is totally recoverable and does not
diminish in reactivity when recycled. We are now engaged in the optimization of regioselective

hydrosilations of acrylate, an important monomer in polymerization.

Reductive Coupling of Hydrosilanes

The formation of silicon-silicon bonds from simple silanes is, practically speaking, limited to

variations of the Wurtz coupling reaction.26 Recently, however, there has been some success in Si-

Si catenation using complexes of Groups 4, 7, and 8.27 In this communication we report the catal-

ysis of dehydrogenative coupling of hydrosilanes by activated nickel and spectroscopic evidence in

support of an intermediate with a Ni-H linkage.

Freshly prepared metal powders have found numerous uses in synthesis because of their

significantly increased reactivities compared to commercially available powders. 28 Moreover, the

rate of generation and the activities of these powders can be significantly enhanced when they are

25 Rajkumar, A. B.; Boudjouk, P. Organometallics 1989, 8,549..

26 For an authoritative review on polysilanes see: Miller, R. D.; Michl, J. Chem. Rev. 1989, 89, 1359.

27 a) Chang, L.S.; Corey,J.Y.; Organometalics 1989, 8, 1885; b) Aitken, C.; Harrod, J. F.; Gill, U. S.; Can. J.
Chem. 1987, 85, 1804; c) Campbell, W. H.; Hilty, T.K.; Yurga, Organometallics 1989, 8, 2615; d) Pannel.
K. H.; Vincenti, S. P.; Scott, R. C. III Organometallics 1987, 6, 1593; and, e) Brown-Wensley, K. A.
Organometallics 1987, 6, 1590; e) Woo, H.-G.; Tilley, T. D. J. Am. Chem. Soc. 1969, 111, 8043.

28 Rieke, R. D.; Bums, T. P.; Wehmeyer, R. M.; Kahn, B. E. High Energy Processes in Organometallic
Chemistry; Suslick, K.S.; Ed.; ACS Symposium Series 333; American Chemical Society, Washington. D.C.
1987; Chapter 14.
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produced in an ultrasonic field.29 We have found that nickel powder, freshly prepared from nickel

iodide and lithium dispersion in the presence of ultrasonic waves, not only catalyzes the
hydrosilation of olefins and alkynes as described above but also catalyzes the formation of Si-Si
bonds from phenyl-substituted hydrosilanes. Diphenylsilane, for example, when treated with one
mole percent each of activated nickel and triphenylphosphine at 800 gives a 45% yield of sym-tetra-

phenyldisilane in 3-4 h.0 (eq 14).

2 Ph2SiH2 + Ni*/PPh$ 4 h D Ph2HSi-SiHPh2  (14)

800, THF 45%

No higher polysilanes were observed. However, when phenylmethylsilane is used under the

same conditions, a broader distribution of products is obtained (eq 15):

45%

PhMeSiH 2  - PhMeHSi-SiHMePh + PhMeHSi-SiMePh-SiHMePh +

20% 40%

PhMeHSi-(SiMePh) 2-SiHMePh + Ph2MeSiH (15)

25% 4%
By comparison, we found, as did others31, that the Wilkinson catalyst promotes disproportion-

ation to much larger extent, e.g., 30% Ph2MeSiH is formed from PhMeSiH2, apparently at the ex-

pense of catenation since no tetrasilane is observed. While it is premature to set down a detailed
mechanism, we suggest that oxidative addition of the hydrosilane32 to nickel followed by reductive
elimination of Si-Si species and H2 is a reasonable pathway and is consistent with our observations

(Scheme 7):

29 Boudjouk, P.; Thompson, D. P.; Ohrbom, W. H.; Han, B.-H. Organometallics 1986, 5, 1257; For a
general treatment of the effects of ultrasonic waves on the reactions of metals with organic substrates see:
Boudjouk, P. High Energy Processes in Organometallic Chemistry ; Susick, K. S.; Ed.; ACS Symposium
Series 333; American Chemical Society: Washington, DC, 1987; Chapter 13.

30 All yields are gc yields using an internal standard and when combined with unreacted starting material the
mass balance for silicon is >90%.
31 Ojima, I.; Inaba, S.I.; Kogure, T.; Naga, Y. J. Organometal. Chem. 1973,55, C7.

32 Reactive intermediates resulting from oxidative addition of the SI-H bond to metals have been frequently
invoked in hydrosilylation reactions ( Armitage, D. A. in Comprehensive Organometallc Chemistry,
Wilkinson, G.; Stone, F. G. A.; Abel, E. W. Eds.; Pergamon Press: Oxford, England 1982; Vol. 2, Chapter 9.

and in homogenous dehydrogenative coupling reactions (see ref 2)
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Scheme 7

H H
Ph-l #.0

HH Si Si H
Ni Ni P-1-1-2 Nr INr

H HPh ~ Ph

Ph i- iPh - PhHSi-(SiPh)2-SiHPh
Ph-i-H

2

Vibrational spectroscopy provides a convenient method of following the formation of these
bonds. We have examined the Raman spectra of activated nickel suspensions exposed to phenyl-

silane in an effort to shed light on the mechanism. In a complex matrix such as the activated nickel
suspension, the low frequency region is obscured by a variety of absorptions prohibiting
unambiguous identification of the Si-Ni band. In contrast, the frequency regime characteristic of Ni-
H bond formation (1800 - 2000 cra') 33 is relatively free of normal hydrocarbon frequencies. 34

The Raman spectrum of activated nickel exposed to normal protio-phenylsilane, PhSiH 3 is pre-
sented in Figure IA. For comparison, the spectrum of trideuterophenylsilane, PhSiD3, is given in
Figure lB. The important difference between the two spectra is the presence of a strong band at 1947

cm-I in IA and its conspicuous absence and replacement with a less intense absorption at 1543 cm-1

in lB. An isotopic shift of this sign and magnitude is consistent with simple replacement of H in a
nickel hydride with D. 35 Thus we assign the band at 1947 cm-1 to the Ni-H vibration. This is the

first spectroscopic evidence for the oxidative addition of silicon hydiride to nickel.

33 Longoni, G.; Chini, P; Cavalied, A. Inorg. Chem. 1976, 12, 3025.

34 Other bands can complicate assignments in this area howe.-er. We have demorstrated that, under the
appropriate conditions, activated nickel can degrade tetrahydrofuran and diethyl ether to produce species
with bridging and terminal nickel carbonyl groups.Parker, W. L.; Rajkumar, A. B.; Boudjouk, P. J. Am. Chem.
Soc. accepted for publication

35 lbach, H.; Mills, D. L. Electron Energy Loss Spectroscopy and Surace ibrations; Academic Press: New
York, 1982; Chapter 4.
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Plysllane

We have successfully prepared some essential precursors to the first silicon based star polymers.

The approach we have taken is synthesize zhe central unit and attach polysilane arms to the unit as

shown below:

SiCl4 + HMe2Si-SiMe 2Cl + Li/Na (HMe2Si-";Me2)4Si

(HMe2Si-SiMe2 )4 Si + H2C=CHSiMe2H + Cat. - (H-SiMe2CH2CH2SiMe2-SiMe2) 4 Si

These star polymers, regardless of molecular weight, should be very interesting precursors to silicon

carbides. Functionalization is also possible that will allow attachment of a wide variety of groups.
We are particularly interested in incorporatipg metals into the polysilane backbone. Recently we have
attached ferrocene units to oligosilanes in the hope of generating new and novel units for metal

incorporated polysilanes:

(~y\ (I) SiMe2SMe2H
(/ SiMe2 SiMeH 1 SiMe 2SiMe 2H

Silacenium Ions
Trivalent silicon cations (sometimes called silacenium ions or silyleniurn ions) are rare even

though the carbon analogs are ubiquitous. We wish to enlarge this area of organosilicon chemistry

because of the promise of these reagents as potential Lewis Acid Catalysts and because they will

undoubiedly open new reaction pathways for silicon compounds. We have very promising results in
our study of siloles. At this point, we have demonstrated, in collaboration with Joseph Lambert of

Northwestern University, that the silole ion below is highly dissociatrd in solution.

R

Ph. Si _Ph

Ph Ph

In recent months we have devoted our efforts to isolating crystals of this cation with an appropriate

counter ion.
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Trlmethylehlorosllane as a Dehydrating Agent

Although there are several methods for preparing anhydrous metal halides,36 thermal and chem-

ical methods of removing water from hydrated metal halides are the most frequently employed. The

pyrolysis of metal halide hydrates has been studied extensively and can lead to anhydrous salts

although temperature control is important for many hydrates because water is released stepwise and

mixtures of hydrates can be obtained.37 Dehydrating agents such as 2,2-dimethoxypropane and

thionyl chloride are efficient and have been widely used although each has some disadvantages.

2,2-Dimethoxypropane, for example, reacts witti metal hydrates producing acetone and methanol

which often complex to the metal halide 38 (eq 16). Both groups are barriers to further reactions with

active metals and many organometallic reagents.

MX,, x H20 + x CI'C(OCI-)2CH- - MX + x (CH3)2CO + 2x CH3CH (16)

Thionyl chloride reacts with water evolving hydrogen chloride and sulfur dioxide as gases thereby

reducing the opportunity for contamination of the product halide(eq 17).39 However, thionyl chlor-

ide is a severe lachrymator that must be freshly distilled before use.

[Cr(H20)JCI3 + 6SOCI2 C4Cb + 12HCI + 6S02 (17)

Moreover, it must be used in excess to achieve reasonable rates and removing the last traces of

thionyl chloride is sometimes difficult.
We have discovered that trimethylchlorosilane is a quick and efficient dehydrating agent for metal

chloride hydrates that is free of the drawbacks mentioned above (eq 18).

MX,, xH)2 + 2x (CH+3 )SiCI - M4 + [(CHRVAs 20 + 2x HCI (18)

Solvated and unsolvated anhydrous metal chlorides can be prepared conveniently and in very

high yields under mild conditions via dehydration of metal chloride hydrates with trimethyl-

36 a)Tyree, jr. S. Y. Inorg.Syn. 1953, 4, 105. b) Cotton, F. A. and Wilkinson, G. Advanced Inorganic
Chenistr,, 4th Ed. J. Wiley & Sons, Inc., New York, 1980, pp 549-550.
3 7 a) Hassanein, M. Thermochim. Acra 1983, 61,121. b) Williams, J. R.; Wendlandt, W. W. Thermochim.

Acta 1973 7, 275. c) Grindstaff, W. K., Fogel, N. J. Chem. Soc., Dalton, 1972, 1476.

3 8 Starke, K. J. Inorg. Nucl. Chem.., 1959, 11, 77.

39 a)Shamir, J. Inorg. Chim. Aca, 1909, 158, 163. b) Pray, A. R. Inorg. Syn. 1957, 5, 153.
c) Hecht, H. Z Anoig. Chem.,1947, 254,37.
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chlroilae.When ThF is used as a solvent the metal chloride is obtained as a tetrahydrofuraate
complex with the exception of barium chloride which is isolated as the simple salt. The high
solubilities of metal chloride hydrates in THF result in homogeneous reactions and shorter reaction
times than when neat trimethylchlorosilane is used. With THF, the reactions were complete in less
than 1 h while reactions in neat trimethyichiorosilane were heterogeneous and required 3-4 h of
refluxing. Our results are summarized in Table IV.

Table IV. Dehydration of Metal Chlorides with Trlmethylchlorosllane

MXnH20 Color Product Color Ylelds(%)

CrCI3H1-2O a~b green Cr(THF) 3Cl3  purple 89%

CuC12-2H2O b blue Cu(THF)0 ,SCl2  yellow 95%

BaCI2-2H 2O b white BaCI2 white 95%

ZnCI 2 n(H20)c white Zn(THF)2C12  white 71%

ZnCI2 fl(H20)c.d white ZnIC12 white 96%

BaCI2-2H20d white BaCI2 white 95%

CuCI2-2H-2Od blue CUC12 yellow 90%

CoC126H 2 O red COC12 blue 95%

FeCI 3.61- 20", orange FeCb3 dk. green 95%
a) Requires THF for complete dehydration
b) Approximate comrposition of reaction mixture: 30 mL trimethylchlorosilane /20 mL THF /10 mmol hydrate
c)Samples of hydrated ZnCI2 were made by adding water (10% by weight) to anhydrous ZnCI2.
d) Dehydrations were performed in tilmethylchlorosiane: 30 ml/ 10 mmol hydrate.
e) FOCI3 and CoCl2 react with THF, reactions mut be run in neat trethylchlorosilane.

The formation of HO and of the very strong silicon-oxygen bonds in hexamethyldisiloxane drive
the reaction. The reactions are easily monitored by characteristic color changes and workup is rela-
tively simple because the byproducts have low boiling points (HG1 (-840C), trimethylchlorosilane
(570C), hexamethyldisiloxane (1010Q)) and are efficiently removed under reduced pressure. The
THF adducts were characterized by IR spectroscopy by comparing the C-O-C symmetric and asym-
metric stretches with those reported by KernA40a Excellent agreement was obtained in each case.

Some salts could not be dehydrated in THE. Iwn(ll) chloride and cobalt (U) chloride dihydrate
for example, polymerize THF 4 0a and must be prepared using neat trimethylchlorosilane. In both
cases, nearly quantitative yields of the anhydrous salt were obtained. Hydrated zinc chloride, which

40 a) Kern, R. J. J. Inorg. Nuci. Chem. 1962, 24, 1105. b) Jones, P. J.; Hale, A. L.; Levason, W.;
McCullough, Jr., F. P. Inorg. Chemn., 1963, 22, 2642.
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we prepared by adding 10 weight percent water to the anhydrous chloride because well-defined
hydrates are not rn rmmcially available, was very efficiently dehydrated in neat trimethylchlorvsilane
to give 96% zinc chloride. In contrast, the THF / trimethylchlorosilane mixture afforded a compar-
atively modest 71 % yield of the tetrahydrofuranate. Chromium (MI) chloride hexahydrate, on the
other hand, could not be completely dehydrated in neat trimethylchlorosilane and required THF for
an efficient reacion giving 89% yield of chromium (Mll) chloride tris(tetrahydrofuran).
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